To understand the origin of the spin-glass state in molybdate pyrochlores, the structure of Tb 2 Mo 2 O 7 is investigated using two techniques: the long-range lattice structure was measured using neutron powder diffraction, and local structure information was obtained from the extended x-ray absorption fine structure technique. While the long-range structure appears generally well ordered, enhanced mean-squared site displacements on the O(1) site and the lack of temperature dependence of the strongly anisotropic displacement parameters for both the Mo and O(1) sites indicate some disorder exists. Likewise, the local structure measurements indicate some Mo-Mo and Tb-O(1) nearest-neighbor disorder exists, similar to that found in the related spin-glass pyrochlore, Y 2 Mo 2 O 7 . Although the freezing temperature in Tb 2 Mo 2 O 7 , 25 K, is slightly higher than in Y 2 Mo 2 O 7 , 22 K, the degree of local pair distance disorder is actually less in Tb 2 Mo 2 O 7 . This apparent contradiction is considered in light of the interactions involved in the freezing process.
Introduction
The pyrochlore family (A 2 B 2 O 7 , space group Fd3m, A, at 16d, and B, at 16c site, representing different transition or rare earth metal ions) has attracted much attention over the past few decades. Pyrochlores have an unusual lattice structure: A and B ions reside on two distinct interpenetrating lattices of cornersharing tetrahedra, with oxygens surrounding each metal ion. If the ions on either A or B sites have a magnetic moment, and the nearest-neighbor exchange interaction is antiferromagnetic (AFM), the system is subject to geometric magnetic frustration, which may lead to the absence of long-range magnetic order at finite temperature, such as occurs in the spin-liquid and spinice states [1] . Together with large lattice disorder, the spinglass (SG) state may appear [2] .
Among the roughly 100 pyrochlores synthesized so far, the A 2 Mo 2 O 7 system has received particular attention, since these materials span a wide variety of ground states due to the link between the ionic radius of the A-site ion and the electrical transport properties, which in turn are strongly correlated to the magnetic properties. For example, as the ionic radius of the A-site ion decreases from Nd (∼1.11Å) to Lu (∼0.98Å), the ground state changes from a ferromagnetic (FM) metal to a non-ferromagnetic insulator at Tb (ionic radius ∼1.04Å) [3] . Tb 2 Mo 2 O 7 and Y 2 Mo 2 O 7 (Y, ionic radius ∼1.02Å) are particularly important, since they are the first two spin-glasses found in the pyrochlore family (SG transition temperatures, T SG , ∼25 and 22 K, respectively). Although both of them are on the insulating non-ferromagnetic side of the phase diagram near the metallic/insulating boundary, their Curie Weiss temperatures are quite different: θ CW ∼ 20 K for Tb 2 Mo 2 O 7 , and θ CW ∼ −60 K for Y 2 Mo 2 O 7 . 6 The large difference is thought to be caused by an FM interaction between A-site ions, which may play an important role in the formation of the SG state.
The [4] . A strong AFM coupling between the nearest-neighbor Mo ions is deduced from magnetization measurements and confirmed in neutron diffraction measurements, where the vector sum of the moments on each tetrahedron was shown to equal zero [4] . Nuclear magnetic resonance (NMR) measurements on 89 Y [5] show multiple discrete values of the local susceptibility at the Y sites in the Y 2 Mo 2 O 7 material, indicative of the local magnetic disorder expected in a SG state [6] . This result is supported by μSR measurements [7, 8] which suggest a broad distribution of the internal magnetic field, inconsistent with a narrow distribution of magnetic interactions.
Local probes of the crystal structure also indicate disorder; however, there is some disagreement regarding the exact nature of this disorder.
An extended x-ray absorption fine structure (EXAFS) study of both Y and Mo K-edge absorption spectra [9] suggests that the primary disorder involves the Mo atoms displacing in a direction that is roughly parallel to the local Mo-Mo pairs and perpendicular to the Mo-Y pairs, with the magnitude of the displacement varying throughout the solid. These measurements also indicate that the O(1) octahedron surrounding Mo is only slightly disordered, while the O(1) pairs are more disordered, consistent with MoO(1) 6 displacing as a unit. A recent study involving both neutron powder diffraction (NPD) and neutron pair-distribution function (NPDF) experiments also found evidence for disorder [10] . Anisotropic displacement parameters (ADPs) for both the Mo and O(1) atoms were found to be anomalously large compared to those for isostructural Y 2 Sn 2 O 7 and showed unusual temperature dependences. Simple inspection of the real space pair-distribution function, G(r ), focused attention on the Y-O(1) pairs as a major source of disorder. Fits to the G(r ) using both a dynamic disorder model (all atoms with ADPs) and a model involving a statically split O(1) site gave satisfactory agreement with the observed data. As well, from the split site model it was possible to estimate the disorder-induced distribution of nearest-neighbor Mo-O-Mo superexchange interactions, J , which was found to satisfy the criterion of Saunders and Chalker for stabilization of the spin-glass ground state in 'weakly disordered' pyrochlore systems [11] . A major role for Mo-Mo disorder was not found in the NPD/NPDF studies.
Nonetheless, there are areas of significant agreement with the EXAFS results. For example, in the NPDF work, the Y-O(1) pair distance is split by R = 0.132Å. These PDF data have better resolving power for such a split than the EXAFS data; however, an unresolved split pair distance would manifest in the latter as a so-called 'static' contribution to the mean-squared pair distance displacement parameter, σ 3+ , L = 3, J = 6), which is three times larger than that of Mo 4+ . In addition, the magnetic diffraction experiments suggest an FM coupling of Tb-Tb up to the fourth metal-metal shell, and a strong AFM coupling for Tb-Mo in the second metal-metal shell. Due to the relatively smaller Mo moment, the magnetic correlation of Mo-Mo is not resolved by these measurements, but it is believed to be AFM, as found in Y 2 Mo 2 O 7 , given the relatively low measured value of θ CW . Short range correlations were also observed in a single crystal experiment [14] . The authors suggested the Tb spin structure resembles the local spin-ice structure, but the moments are tilted slightly off the local 111 direction and the static moment is only 4 μ B at 1.6 K, significantly less than expected for a Tb 3+ ionic moment. In addition to more complicated magnetic interactions in Tb 2 Mo 2 O 7 , Tb has a slightly larger ionic radius than Y. This larger radius may alter the local distortions and the magnetic interactions between Mo ions. In a previous study, Sato et al [15] investigated the magnetic correlation of Mo-Mo with the A-site ionic radius in Y 2 Mo 2 O 7 by substituting Y with another non-magnetic ion, La. It was found that the θ CW changes from −60 to +40 K as the fraction of La reaches the solubility limit of 50%. However, the SG phase exists through all concentrations, with only a ±2 K variation of T SG across the series, even when the average A-site ionic radius reaches the value of Sm or Nd on the metallic FM side of the phase diagram. This suggests that an FM/AFM competition exists among Mo ions, and can be tuned by manipulating the average A-site ion radius, although the lack of long-range magnetic order and the distorted local environment in the parent compound, Y 2 Mo 2 O 7 , may prevent a phase transition to a long-range ordered FM state.
There are other indications of the sensitivity of the magnetic interactions to local structure differences in the pyrochlore molybdates. For instance, several research groups have recently reinvestigated the A-site ionic radius problem. Although a similar trend in θ CW with the change of the average A-site ionic radius is found [13, 16, 17] , the development of the FM phase with increasing average A-site ionic radius is shown to be more complicated. For example, the SG phase in (Eu 1−x La x ) 2 Mo 2 O 7 , which has a long-range ordered FM phase (T C ≈ 45 K), still emerges with T SG ≈ 25 K [16] , while for (Tb 1−x La x ) 2 Mo 2 O 7 , an FM phase occurs for x > 0.05 with no reentrant SG phase [13] . In addition, an FM phase in Gd 2 Mo 2 O 7 can be driven toward an SG phase with applied pressure [17] .
Despite all the evidence of the importance of local lattice disorder in the molybdate pyrochlores and especially in Tb 2 Mo 2 O 7 , very little is known about the local structure of Tb 2 Mo 2 O 7 , and therefore about the relationship between lattice disorder and magnetism in that system. Here, we present temperature-dependent NPD and EXAFS data on Tb 2 Mo 2 O 7 , and directly compare the experimental results with those from Y 2 Mo 2 O 7 to better understand the difference in their local structures and how lattice disorder affects magnetic interaction in both these SG pyrochlores.
Experimental details
Polycrystalline Tb 2 Mo 2 O 7 samples were prepared using previously reported methods [3] . The magnetic susceptibility measurements were made with a commercially available dc superconducting quantum interference device (SQUID) magnetometer in a small applied field, no more than 2 mT. The samples were cooled from room temperature in this field and measurements were taken whilst warming from a base temperature of 2 K.
NPD measurements were performed at both 12 K and 295 K on a 3.5 g sample of Tb 2 Mo 2 O 7 using the new POWGEN diffractometer at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory. At the time, the instrument was still in its commissioning phase, and only three detector banks were available (at 2θ = 45
• , 85
• , 115
• ). The dspacings covered by the setup range from d ∼ 4 to ∼0.3Å, so the first Bragg peak in range was the (220). The raw detector counts were corrected for efficiency using data taken on a vanadium standard.
For the EXAFS measurements, two Tb 2 Mo 2 O 7 samples were used. By comparing the magnetic susceptibilities of the samples, we conclude that they have the same properties within error (figure 1), a point further amplified below with the Mo K-edge EXAFS data. The Tb L III -and Mo K-edge x-ray absorption data on the older sample (sample 1) were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) SPEAR2 beamline 4-3 in June and December 2000. A half-tuned double crystal Si(220) monochromator with a slit height of 0.7 mm was used, and 2 scans each were collected for the Tb L III edge at T = 20, 100 and 300 K, and for the Mo K-edge only at 30 K. The Mo K-edge x-ray absorption data were collected on the newer sample (sample 2, the same 
sample as characterized above by NPD) at the SSRL SPEAR3 beamline 4-1 in June 2010, using the same experimental setup, except with a narrower slit height of 0.5 mm. Four scans were collected at each temperature T = 50, 100, 200, and 300 K. The x-ray absorption data were then reduced using standard procedures [18] [19] [20] .
Data analysis and results
Rietveld refinements were carried out for all three histograms simultaneously using the FULLPROF package [21] . The total number of refined reflections was 4033. From this refinement (figure 2), we obtain the lattice parameter and 48f x-position (see table 1 [22] , for which data are available only at 300 K. In fact they are nearly identical, especially for the Tb and Mo sites, within error. There is little information regarding disorder in the stannate pyrochlore, but it is not a spin-glass, showing instead a complex spin-ice behavior [23, 24] . Figure 3 shows the anisotropic displacement ellipsoids for the Mo and Tb sites for the 12 K data, indicating the Mo displacements are primarily into and out of the Mo tetrahedrons, mainly perpendicular to the Tb-Mo near-neighbor pairs. The total oxygen occupancy fraction is very close to 1.0, the appropriate value for the stoichiometric pyrochlore lattice. The cubic lattice constant, a, is close to 10.309Å, the expected value for a stoichiometric pyrochlore with all the Mo in the 4+ oxidation state [3] . These results suggest that the sample has very good crystallinity, and any foreign phase is below the detection limit.
The Tb L III -and Mo K-edge EXAFS data were analyzed using the RSXAP package [20] . A pre-edge background was removed from the data to account for the background absorption from other atoms. The embedded-atom background absorption above the main absorption edge, μ 0 (E), was estimated by fitting a 5 knot cubic spline through the data. The EXAFS oscillations were then defined as χ(E) = μ(E)/μ 0 (E) − 1. The photoelectron wavevector was defined 
where m is the rest mass of the photoelectron, E is the incident photon energy, and E 0 is the photoelectron threshold energy, arbitrarily defined as the energy of the half-height point at the main absorption edge. The data were then fit in r -space to the Fourier transform (FT) of k 3 χ(k). Examples of the Mo K-edge EXAFS data are shown for the two samples in figure 4 , and of the Tb L III -and Mo Kedge EXAFS data in r -space in figure 5 .
EXAFS data such as shown in figure 5 correspond very closely to the actual radial-distribution function around the absorbing atomic species, except that the lineshape and peak position for each scattering pair are affected by the amplitude and phase of the electron scattering functions. For instance, the largest peak in figure 5 (b) at r ≈ 1.6Å corresponds to the six Mo-O(1) pairs at a bond length of R = 2.3Å. In the previous EXAFS investigation on Y 2 Mo 2 O 7 , the FT data from both metal edges could be compared directly with little necessary recourse to detailed fits because the absorption and backscattering functions of Y and Mo are very similar. Unfortunately, these functions are very different for Tb and Mo, and detailed fits must be performed to extract meaningful results for the Tb-Tb/Mo and Mo-Tb/Mo near-neighbor pairs.
The r -space EXAFS data are fit with the backscattering and phase functions calculated by FEFF8 [26] based on the lattice structure obtained from the above NPD measurement, using a similar set of constraints as used for the EXAFS fit of Y 2 Mo 2 O 7 [9] . To summarize, all single scattering pairs are included up to about 4.6Å. The number of neighbors for each scattering pair was fixed to the nominal value, and a single overall scale factor, S 2 0 , was used for each absorption edge. Multiple scattering was also included based on the structure obtained from NPD. All pair distances, R, and mean-squared pair distance displacements, σ 2 (T ), are allowed to vary, except as follows. The Tb-O and Mo-O pair distances beyond 3.9Å were constrained to the change from the nominal distance of the nearest-neighbor oxygen peak. Also for the further Tb-O pairs, the σ 2 values were fixed to be the same, while for further
Mo-O pairs, the σ 2 values were held fixed to 0.0144Å 2 . In the Mo K-edge fit, we find that for T 100 K, the Mo-Tb σ 2 is the same as that for the Tb-Mo pair obtained from the Tb L III -edge fit, as expected; above T = 100 K, the Mo-Tb backscattering function strongly interferes with that of MoMo. Therefore, we constrain the σ 2 s for Mo-Tb and Tb-Mo to be the same at each temperature.
The σ 2 (T ) results were then fit with a correlatedDebye model [27] that describes the temperature dependence and the zero-point motion in terms of the correlated-Debye temperature, θ cD .
Any necessary offset in this model corresponds to the width of the static (non-thermal) part of the pair distance distribution, σ 2 stat , and is used to quantify any potential lattice disorder.
Examples of the fits are shown in figure 5 and the results are summarized in table 3 and figure 6.
Discussion
In principle, it should be possible to determine the degree of lattice disorder at each site by using the fitted mean-squared site displacement parameters. Making comparisons of U parameters between different materials can be problematic without considering their temperature dependence. In fact, the temperature-dependent results are very illuminating. In table 2, all of the U parameters increase with temperature, as expected for thermal motion, except the Mo parameters. This same situation occurs for Y 2 Mo 2 O 7 [10] . Therefore, the enhanced U parameters are not due to a soft phonon mode (i.e. low Debye temperature), and can be interpreted as due to static disorder on the Mo site.
The EXAFS results are in strong agreement with these conclusions based on the NPD results. In particular, the fits show no abnormal atom-pair distances compared to the diffraction results within the estimated error. There is, however, evidence of local disorder. The Mo K-edge fit indicates a large σ 2 = 0.006Å 2 for Mo-Mo at T = 30 K, figure 3 ). Under this assumption, and assuming the neighboring Mo 4 tetrahedra contract and expand alternatively by the same amount, R, the six Mo-Mo pairs would split into three shorter (R − R) and three longer (R + R) pairs, producing a pair distance difference of 2 R ∼ 0.11Å in accordance with the estimated σ 2 stat for Mo-Mo. Attempts to fit the data to such a model are not satisfactory, leading us to the conclusion that the magnitude of R may vary randomly throughout the solid. It is, however, possible that the presence of FM correlations is only a secondary effect and that the spinglass/disorder relationship is more complex than some previous models allow. It is interesting to note that a similarly weak dependence of T SG on lattice disorder occurs in the La-substituted Y 2 Mo 2 O 7 system discussed in section 1, where some evidence of FM correlations also exist. Recent theoretical work studying the role of disorder in geometrically frustrated AFM systems has focused on how relatively little disorder can generate spin-glass freezing rather than an antiferromagnetically ordered phase [11, 28, 29] . In these studies, T SG is linear in the amount of disorder. A recent article by Shinaoka et al [30] attempts to reconcile the apparent lack of strong dependence of T SG on lattice disorder by considering the role of spin-lattice coupling, finding that T SG can be pinned to a maximum value set by the presence of a nematic state [31] . Whether or not such a model is applicable, these studies clearly indicate that it is possible that spin-lattice or magnetoelastic coupling may play a very important role in the development of a spin-glass state.
Conclusion
This paper focuses on structural measurements of the The better structural order is in contrast to the higher T SG , indicating some other mechanism than nearest-neighbor AFM exchange must be playing an important role. More experimental probes should be applied to further elucidate the nature of this disorder. In particular, PDF experiments could help determine if the disorder in Tb 2 Mo 2 O 7 manifests as any split pair distances. Such a detailed understanding of the local structural disorder should help determine the role of disorder in precipitating a spin-glass state in geometrically frustrated magnetic systems.
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